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Methods  are  needed  for the  design  and  evaluation  of cropping  systems,  in  order  to test  the  effects  of
introducing  or  reintroducing  crops  into  rotations.  The  interaction  of legumes  with  other  crops  (rota-
tional  effects)  requires  an assessment  at the cropping  system  scale.  The  objective  of this  work  is  to
introduce  a cropping  system  framework  to assess  the  impacts  of  changes  in  cropping  systems  in a par-
ticipatory  approach  with  experts,  i.e., the  integration  of  legumes  into  crop  rotations  and to  demonstrate
its  application  in  two  case  studies.  The  framework  consists  of  a rule-based  rotation  generator  and  a  set
of algorithms  to  calculate  impact  indicators.  It  follows  a three-step  approach:  (i) generate  rotations,  (ii)
evaluate crop  production  activities  using  environmental,  economic  and  phytosanitary  indicators,  and
(iii) design  cropping  systems  and assess  their  impacts.  Experienced  agronomists  and  environmental  sci-
entists  were  involved  at  several  stages  of the  framework  development  and  testing  in order  to  ensure
the  practicability  of designed  cropping  systems.  The  framework  was  tested  in  Västra  Götaland  (Sweden)
and  Brandenburg  (Germany)  by comparing  cropping  systems  with  and  without  legumes.  In  both  case
studies,  cropping  systems  with  legumes  reduced  nitrous  oxide  emissions  with  comparable  or  slightly
lower  nitrate-N  leaching,  and  had  positive  phytosanitary  effects.  In  arable  systems  with  grain  legumes,
gross  margins  were  lower  than  in  cropping  systems  without  legumes  despite  taking  pre-crop  effects  into
account.  Forage  cropping  systems  with  legumes  had  higher  or equivalent  gross  margins  and  at  the  same
time  higher  environmental  beneﬁts  than  cropping  systems  without  legumes.  The  framework  supports
agronomists  to design  sustainable  legume-supported  cropping  systems  and  to assess  their  impacts.
©  2015  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND. Introduction
Given the negative side-effects of many current agricultural
ractices, along with changes in both climate and international
rade conditions, novel and resource-efﬁcient production methods
re needed. In Europe, less than 30% of the plant-based protein sup-
lement fed to livestock is produced within the continent (Bouxin,
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ermany. Tel.: +49 3343282257.
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ttp://dx.doi.org/10.1016/j.eja.2015.11.005
161-0301/© 2015 The Authors. Published by Elsevier B.V. This is an open access article 
/).license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
2014; Bues et al., 2013). Moreover, rotations have become very
narrow and their sustainability is often questioned (Tilman et al.,
2002). In order to design more sustainable cropping systems, new
methods are required.
Interactions between crops are an important component of how
changes in cropping systems impact on their agro-economic and
environmental performance. Fertilization, nitrogen mineralization,
nitrate leaching, greenhouse-gas emissions, infestations with pests,
diseases and weeds, and eventual crop yield are all affected not
only by the management of the individual crops but also by long-
term processes that are inﬂuenced by crop sequence (Bachinger and
Zander, 2007; Detlefsen and Jensen, 2007; Dogliotti et al., 2003).
Thus an assessment framework is needed that considers rotational
effects and systematically compares existing with novel cropping
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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ystems. Such a framework is especially needed when studying the
mpacts of legumes, because of their diverse impacts on cropping
ystems (Jensen et al., 2011; Köpke and Nemecek, 2010; Peoples
t al., 2009).
Many studies have quantiﬁed rotational effects (often called
re-crop, break crop or residual effects) (see Angus et al. (2015)
nd Preissel et al. (2015) for recent reviews). Under European con-
itions, grain legume pre-crop effects are variable and increasing
ereal yields by 0.5–1.6 Mg  ha−1 Preissel et al. (2015). According to
he meta-analysis by Preissel et al. (2015), the pre-crop effect of
rain legumes is highest under low N fertilization to subsequent
rops and comparable to non-leguminous oilseed crops.
Legume production has declined in most of Europe, from
.8 M ha in 1961 (4.7% of arable land) to 1.8 M ha in 2013 (1.6%)
FAOstat, 2015). There are many reasons why farmers do not grow
egumes, including specialization in cereal crop production, low
nd unstable yields (Cernay et al., 2015; Reckling et al., 2015b), and
f low gross margins (Preissel et al., 2015), low and unpredictable
olicy support (Bues et al., 2013), and inability to recognize or eval-
ate the long-term beneﬁts of legumes within cropping systems
Preissel et al., 2015). While the effect of legumes on yield of the
ollowing crop is easily measured, changes in root growth and pres-
ures from pests and pathogens are harder to quantify. Legumes
enerally have lower gross margins than cereals or oilseeds, but
heir rotational effects increase the gross margins of subsequent
rops, so assessment of legumes needs to be performed at the crop-
ing system scale (Preissel et al., 2015) using crop rotations as the
tarting point. Furthermore, supply chains and markets are inad-
quately developed for most legume crops as shown for France
y Meynard et al. (2013) except for soybean, for which the global
arket is well developed. Soybean areas in Europe are limited by
limatic constraints, but there is considerable potential for devel-
pment (de Visser et al., 2014). New varieties have been developed
hat are also promising under cool growing conditions (Zimmer
t al., 2016).
We deﬁne a crop rotation according to Castellazzi et al. (2008)
s a sequence of crops that is ﬁxed (each crop follows a pre-deﬁned
rder), cyclical (in that it repeats itself) and has a ﬁxed length.  The
ropping system comprises the rotation, management activities
tillage, inputs, harvesting etc.) and production orientation (arable,
ixed or forage). The crop rotation is considered as the starting
oint in cropping system analysis (Vereijken, 1997).
Bergez et al. (2010) proposed a four-step process to design crop-
ing systems: (a) generation, (b) simulation, (c) evaluation, and d)
omparison and choice. The generation of cropping systems and
otations can be based on existing cropping patterns, using (i) pure
tatistical data such as that from the integrated administration and
ontrol system (IACS) (Steinmann and Dobers, 2013), (ii) statistical
ata combined with rules on crop sequences (Lorenz et al., 2013;
chönhart et al., 2011), and (iii) statistical data and mathematical
rameworks (Castellazzi et al., 2008; Detlefsen and Jensen, 2007).
tatistical data represent current farming trends that are inﬂuenced
y current policy and market drivers, but do not allow the design
f cropping systems using niche or novel crops such as legumes.
or this purpose another approach is required. Rule-based models
re useful ways to generate novel systems (Bachinger and Zander,
007; Dogliotti et al., 2003; Naudin et al., 2015), as they employ
xpert knowledge where no formal empirical data are available.
For speciﬁc, localized case studies, cropping system assessments
ave been conducted through simulation with dynamic models.
heir advantage is to model soil–crop processes in detail and to
imulate scenarios such as those expected under climate change.
evertheless, they cannot be employed widely, due to their high
ata requirements, and they do not generate novel systems. Fur-
hermore, crop rotations receive little consideration in dynamic
odels, as they are often used to assess single crops separatelynomy 76 (2016) 186–197 187
year-by-year not taking pre-crop effects into account (Lorenz et al.,
2013). In a comparison of European crop models, Kollas et al. (2015)
showed that modelling crop rotations achieves more robust results
than modelling single crops, and revealed several constraints to
modelling rotational effects. While most dynamic models cover
soil water-related effects along with the carry-over of carbon and
nitrogen in residues below and above ground, few account for
crop residue quality and decomposition characteristics (Rahn et al.,
2010) or the impacts on biological N ﬁxation (BNF) of legumes
and its consequences for subsequent crops. None of the models
is therefore suitable for our assessment because (i) they do not
generate rotations, (ii) they cannot process numerous rotations,
(iii) few include carry-over effects, (iv) few model perennial crops,
such as temporary grassland, (v) none incorporates soil structure
effects such as soil compaction (C. Nendel Personal Communica-
tion) or break-crop effects on pests, diseases and weeds (Bergez
et al., 2010), and (vi) all require detailed calibration data that is sel-
dom available. Hence, these dynamic models are available for only
a few speciﬁc case studies.
A static and rule-based approach for the evaluation of crop-
ping systems without simulation allows a large-scale application
by dealing with some of these disadvantages. (i) It makes explicit
the knowledge of agronomists through the formalization of rules,
(ii) requires less input data, thus allowing the inclusion of many dif-
ferent crops including perennials, and (iii) combines crop rotation
generation and evaluation. These advantages come at the cost of
less detailed results, and soil–crop processes are considered on only
an annual basis. The static nature of the model means that changes
in climate or management need to be implemented manually. The
input of experts is required to formulate production activities and
to check the plausibility of results.
The comparison and choice of cropping systems in the design pro-
cess can be supported by multi-criteria methods (Carof et al., 2013)
as shown for the design of legume-supported cropping systems in
Europe (Reckling et al., 2015a).
Hence, we set out to develop a cropping system assessment
framework following the process proposed by Bergez et al. (2010),
excluding the simulation step, and using a static and rule-based
approach considering crop rotations and rotational effects. The
framework was  tested by evaluating the effects of legume crops
on the sustainability of agriculture by comparing cropping sys-
tems with and without legumes in two  European regions, Västra
Götaland in Sweden and Brandenburg in Germany.
2. The assessment framework
2.1. General approach
The framework consists of a rule-based rotation generator that
comprises a ﬁxed set of rules at the crop and rotational level and
a set of algorithms to calculate the impact indicators. The appli-
cation of the framework to a speciﬁc region or problem follows a
three-step approach (Fig. 1): (i) generate crop rotations, (ii) evalu-
ate crop production activities (CPA) using environmental, economic
and phytosanitary indicators, and (iii) design cropping systems by
combining generated rotations with evaluated CPA, and assessing
their impacts.
To apply the framework, experts play an essential role: (i)
agronomists deﬁne input variables such as crops, restriction values
for rotation generation, and CPA, and (ii) agronomists and envi-
ronmental scientists check the plausibility of evaluation results,
namely the list of generated rotations and the calculated impacts,
and potentially revise input values. The involvement of experts in
the evaluation process is explained in more detail in Section 2.6,
“framework evaluation”. These experts use information and knowl-
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F tep 1. generate crop rotations, step 2. evaluate crop production activities and step 3.
a  arrows the feedback loops after evaluation of the modelled outputs by experts.
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Table 1
Rules describing crop rotations at crop, and rotation level as the basis for the rule-
based generation.
Crop rotation rules Examples of restriction
values (for pea in
Brandenburg)
Minimum sequential break of a crop [years] 4
Maximum frequency of a crop [%] 20
Continuous cropping limit of a crop [years] 1ig. 1. Schematic illustration of the three steps in the assessment framework: s
ssesscropping systems. Solid arrows represent the assessment process and dashed
dge from farm practice, experiments, crop management statistics
nd existing cropping patterns as well as literature.
The framework can be applied for arable areas with annual and
erennial, non-permanent crops including crop mixtures, cover
rops, under-sowing and different management systems including
ovel cropping and low-input systems, organic farming and con-
ervation agriculture. The ﬁrst steps before a new application are
o deﬁne: (i) the region studied and sub-sites, (ii) the management
ystem to be considered, (iii) indicators (and revise proposed indi-
ators) appropriate to the research objective and local conditions
r problems.
.2. Generating crop rotations
The rotation generator is static, rule-based and designed to pro-
uce ‘agronomically sound rotations’, according to a set of rules and
estrictions that are deﬁned by local agronomists.
.2.1. Restrictions for the generation of crop rotations
Site and rotational restrictions describe the suitability of crops
or different soils and the extent to which the choice of crops is lim-
ted by timing, technical characteristics or phytosanitary impacts of
he preceding crop. Firstly, currently grown and potentially novel
rops are identiﬁed according to the aim of the application, and
ssigned to different sites such as soil types. Then, values of rota-
ional restrictions are deﬁned for the crop rotation rules (Table 1).
otential sources of information are local agronomists, literature
Kolbe, 2006), or crop sequence indicators (Leteinturier et al., 2006).
The rules include crop sequence and frequency restrictions. For
ach crop, the minimum sequential break describes the time period
ntil the same crop may  return to avoid phytosanitary problems.
he maximum frequency describes the share a crop may  have in rotation to control soil-borne pests and diseases. The continuous
ropping limit is relevant for temporary grassland and alfalfa that
re grown for more than one year. Per crop type, the maximum fre-
uency restricts the share of crops of the same type in a rotation toMaximum frequency of crop types [%] grain legumes = 25
Suitability of pairwise crop sequences [score] e.g., pea-rye = 3
avoid speciﬁc pests and diseases. For each sequence, a score from
0 to 3 (0 = impossible combination; 1 = problematic combination;
2 = good combination; 3 = excellent combination) deﬁnes the suit-
ability of crop–crop combinations considering phytosanitary and
timing constraints to ensure no overlapping of cropping periods
and sufﬁcient time for seedbed preparation. Only those sequences
with a score of ≥2 are considered for the generation.
2.2.2. The generation process
The crop rotation generation consists of an iterative process of
expert involvement and technical generation. After a ﬁrst expert
round where crop–soil suitability is assessed and rotational rules
are deﬁned, the rotation generator is used to combine crops to
produce all possible two-crop combinations applying the crop
sequence restrictions. Second, the two-crop sequences are com-
bined into 3- to 6-year rotations, the cyclical nature of which is
ensured. For the generated sequences, break and frequency restric-
tions of crops and frequencies for crops of the same type are applied
as ﬁlters. Duplicates and multiples are removed. Then, agronomists
check the plausibility of the results in comparison with the exist-
ing cropping patterns and if necessary revise the restriction values
(often restrictions needed to be adapted to be less strict than ﬁrst
deﬁned). Reasons for adaptation could be that certain crops are
under- or over-represented due to one or more restrictions. The
M. Reckling et al. / Europ. J. Agro
Table  2
Classiﬁcation of pre-crop types to consider rotational effects in the assessment.
Pre-crop type Rotational effect on following
crop
Crops per type
Type 1 No yield beneﬁt, high
fertilization demand and low N
mineralization
Winter and spring sown
cereals, silage and grain maize
Type 2 Medium yield beneﬁt, reduced
fertilization and medium N
mineralization
Winter and spring sown
oilseed rape, temporary
grassland (without legumes),
grain legumes (as sole or
intercrops)
Type 3 High yield beneﬁt, lower Forage legumes as sole crops or
ﬁ
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nal set of agreed rotations is stored in a database for the subse-
uent evaluation by experts as described in Section 2.6, “framework
valuation”.
.3. Evaluate crop production activities (CPA)
.3.1. Deﬁning CPA
A CPA is deﬁned as the complete set of activities related to the
ultivation of a crop, starting with management of the stubble of
he previous crop and ending with the harvest of the considered
rop. CPA are characterized by the cropping inputs (seed, fertil-
zer, pesticides, irrigation), outputs (grain yield, straw yield) and
he speciﬁc management (tillage system, fertilizer intensity, har-
esting method, cover crops etc.). We  distinguish separate CPA
or different soil types and pre-crop types, so more than one CPA
s available per crop. Pre-crop types are groups of pre-crops of
ifferent yield-affecting nitrogen residue levels (Table 2). In the
eﬁnition of CPA, input and output data including crop yield and
ertilizer applications are speciﬁc to the pre-crop type. They are
eﬁned depending on the management system and production
rientation using regional statistics, expert knowledge and exper-
mental data. The latter two sources are relevant in considering
otational effects because statistical data do not include pre-crop
peciﬁc crop management.
.3.2. Evaluating CPA
CPA are evaluated by environmental, economic and phytosani-
ary indicators (Table 3). These indicators were selected because of
heir sensitivity for the evaluation of cropping systems taking rota-
ional effects into account. The pre-crop type inﬂuences nitrogen
ineralization from the soil, and thereby nitrate-N leaching. The
re-crop type speciﬁc yield and fertilizer application also inﬂuences
itrate-N leaching, nitrous-oxide emissions and gross margins.
.3.2.1. N balance, nitrate-N leaching and N fertilizer efﬁciency. N
alance and nitrate-N leaching are calculated with algorithms that
ere developed for organic farming Bachinger and Zander (2007),
o were modiﬁed to calculate the effect of mineral N fertilizer. Input
ata include site-speciﬁc average data on soils, precipitation and
PA.
A total N balance is calculated in kg ha−1 using the following
quation:
balance = (Nﬁxation + NmanureT + Nseed + Nfertilizer)
− (Nremoval + Nleaching) (1)
here Nﬁxation is the BNF of grain and forage legumes calculated
s a function of the crop yield, the N content of the crop, the
rop-speciﬁc ratio of N in shoots to that in residues and roots, the
ercentage of N derived from the atmosphere (%Ndfa) depending
n soil mineral N content using minimum and maximum %Ndfanomy 76 (2016) 186–197 189
values (Peoples et al., 2009), the percentage of legumes in crop mix-
tures, and the ratio of ﬁxed N transferred to grass in grass–clover
mixtures. The soil mineral N content is estimated considering N
mineralization from preceding crop residues in spring, along with
N inputs from plant-available N in manure and mineral N fertilizer.
NmanureT is the total N content in solid and liquid manure, Nseed and
Nfertilizer are the N contents in seed and fertilizer, Nremoval is the
N removed from the ﬁeld in the harvest (grain and biomass) and
Nleaching is the nitrate-N leaching calculated with Eq. (2).
Nitrate-N leaching is speciﬁc to the soil type, preceding crop and
crop management, and is calculated in kg ha−1 using the following
equation (adopted from Gäth and Wohlrab (1992)):
Nleaching = Nsurplus × LP (2)
where the Nsurplus is calculated with Eq. (3) and LP is the leaching
probability during the winter (mean winter precipitation divided
by the water holding capacity at rooting depth and a crop-speciﬁc
leaching coefﬁcient).
Nsurplus = (NmanureP + Nfertilizer + Nmineralization − Ndfs) (3)
where NmanureP is the plant-available N content in solid and liquid
manure and Nmineralization is calculated as a function of the total
organic N content (typical contents per soil type) and a region-
speciﬁc mean annual mineralization rate modiﬁed by the pre-crop
speciﬁc N supply level. Ndfs is the nitrogen derived from soil (Ndfs)
calculated as the N uptake minus the nitrogen derived from the
atmosphere (Ndfa).
To assess the N fertilizer efﬁciency of all CPA in a rotation, the
ratio of the N output (N in harvested products) and the N input from
external sources (mineral and organic fertilizers and N in seed) is
calculated. N inputs from N ﬁxation are not included.
2.3.2.2. Nitrous oxide emissions. The soil-based N2O emissions from
crop cultivation are calculated with the IPCC 2006 Tier 1 method-
ology (IPCC, 2006). We  considered both direct and indirect N2O
emissions from applied synthetic N, manure N and crop residue N.
Emissions resulting from manure deposited during grazing, from N
mineralization and from organic soils were not considered. Con-
sistent with the IPCC (2006) guidelines, the N2O emission from
biological N-ﬁxation is assumed to be zero. Standard IPCC (2006)
emission factors and parameters have been used.
2.3.2.3. Pests, disease and weed infestation risk. Crops and their
sequence in the rotation determine the pest, disease and weed
pressures and the options for control. Crop choice and the tillage
system are considered as the main strategic tools to reduce infes-
tations. In the assessment framework, other direct control options
of managing pests, diseases and weeds that are beyond crop choice
and tillage are not considered. In the present application, different
tillage intensities were not included.
The present assessment considers the infestation risk of each
crop concerning selected pests, diseases and weeds that are prob-
lematic for crop production and inﬂuenced by crop choice and their
sequence. The assessment uses a scoring scheme with a scale of −2
(highest reduction potential) to +2 (highest potential of increase).
Scores are based on expert knowledge and ﬁeld experiments. Neg-
ative infestation risks are an indication for improved phytosanitary
conditions that reduce the risk of agro-chemical resistance and a
potential reduction of agro-chemical applications. Currently, the
assessment does not inﬂuence the economic analysis.
2.3.2.4. Gross margin. Gross margins are used for the economic
evaluation of CPA. These are calculated by subtracting variable costs
(inputs, variable costs of machinery and services) from the total
revenues per ha. Prices for arable crops are obtained from regional
statistics and reference prices are calculated for forage crops that
190 M. Reckling et al. / Europ. J. Agronomy 76 (2016) 186–197
Table 3
Assessment indicators and their characteristics used to evaluate crop production activities and cropping systems.
Assessment indicators Input, output and application References
Nitrate-N leaching Input: yield, N in organic/mineral fertilizer, N mineralization
from soil, water holding capacity and precipitation in winter
half-year
Output: nitrate-N leaching per ha and year depending on crop,
site and pre-crop
Application: in the ROTOR model
The German Soil Science Society (DBG) (Gäth
and Wohlrab, 1992); adapted by Bachinger and
Zander (2007)
Nitrous oxide emissions Input: yield, N in organic/mineral fertilizer, fraction of
above-ground residues removed
Output: N2O emissions per ha and year depending on crop, site
and pre-crop
Application: in national greenhouse gas inventories and
emission models
Guidelines for national greenhouse gas
inventories, Intergovernmental Panel on
Climate Change (IPCC, 2006)
Pests,  diseases and weeds Input: expert-based infestation risks per crop
Output: aggregated infestation risk for cropping systems
Application: in the ROTOR model
Bachinger and Zander (2007)
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Application: standard measure in farm 
re rarely traded using the method proposed by KTBL (2010). Fixed
osts, interests, insurances, costs for labor, and subsidies are not
aken into account to compare cropping systems without inﬂu-
nces of the farm type and direct policy support. Rotational effects
n yields and production inputs were taken into account through
eﬁning pre-crop speciﬁc CPA.
.4. Design and assess cropping systems
The results of the evaluation of single CPA (step 2) are linked
ith the individual crops of generated rotations (step 1) and aggre-
ated for the cropping system by calculating annual average values
n kg, D per ha or average pest, disease or weed scores. Cropping
ystems can be assessed depending on the research objective, such
s comparing cropping systems with and without legumes in both
rable and forage-based contexts. The assessment can be used to
lot environmental vs. economic variables, such as N emissions
ompared to gross margins, to highlight the N fertilizer efﬁciency
f different systems, and to analyze the infestation risks with pests,
iseases and weeds. This can help to identify possible beneﬁts,
rade-offs or synergies.
.5. Software
The framework consists of a Microsoft Access database of all CPA
nd parameters used for the evaluation and the generated rotations.
he evaluation is performed with a separate module and the crop
otation generator was developed in Python. Input and output data
ere exported to a spreadsheet to support discussions with stake-
olders and for the graphical comparison of cropping systems. The
oftware combination allows efﬁcient and quick data processing,
nd makes input and output data explicitly available to users.
.6. Framework evaluation
We  checked the plausibility of (i) rules, (ii) rotations, (iii) eval-
ation of single CPA and (iv) the ﬁnal outputs at the cropping
ystems scale. Further evaluation is limited by the lack of robust
ulti-criteria datasets describing crop rotations. The outputs were
valuated by 2–4 experts per region, each with at least 5 years of
xperience in applied agronomy and environmental sciences and
ith special competence in legume cropping systems and crop
otations. Local advisory services were contacted for additional
nput. Experts received the outputs at three stages for a structured
valuation per region: prices and costs
mics
Defra (2010)
1. Generated rotations were compared with typical crop
sequences and crop proportions. The integration of legumes was
checked for agronomic acceptability.
2. Agronomic performance and environmental indicators were
evaluated for common crops against data from ﬁeld experiments
and literature at the single crop level. Outputs were also checked
for plausible differences between legume and non-legume crops.
3. Assessed cropping systems were ﬁnally checked for practica-
ble rotations, agronomic performance and environmental impacts
by comparing cropping systems with high and low shares of cereals
and by ﬁltering systems with and without legumes.
The rules implemented in the crop rotation generator were com-
pared against the two  models ROTAT (Dogliotti et al., 2003) and
ROTOR (Bachinger and Zander, 2007). The algorithms for nitrate-
N leaching were validated by Bachinger and Zander (2007) using
HERMES, a dynamic model that simulates water and soil nitro-
gen dynamics (Kersebaum, 1995). The IPCC method to estimate
nitrous oxide emissions is acknowledged to be simple and static, so
is open to criticism Philibert et al. (2012), but is widely used in GHG
inventories and emission models (Berdanier and Conant, 2012;
Lokupitiya and Paustian, 2006). The IPPC method has also been used
to assess GHG abatement costs in Europe through increasing the use
of legumes (Dequiedt et al., 2014)
Classical evaluations with observed data including annual yield
variations were not possible since, the assessment was performed
for regionally representative data and not at the farm or ﬁeld
scale. The model outputs allow comparing relative differences
between different cropping systems. A sensitivity analysis for pre-
crop effects was performed by changing pre-crop affected input
data.
3. Testing the framework in two case studies
The principle of the assessment framework was  tested using
economic, environmental and agronomic data from Västra Göta-
land (Sweden) and Brandenburg (Germany) to compare cropping
systems with and without legumes. The aim was  to explore the
impact of widening current cropping systems by the integration of
legumes and to quantify the relative differences between the differ-
ent systems. A large set of alternative crop rotations was generated
to provide a range of options for identifying the environmen-
tally and economically best systems. Furthermore, the framework
allowed the identiﬁcation of trade-offs and synergies for economic,
environmental and agronomic criteria.
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Table  4
Soil type characteristics and distribution of assessed crops per soil type.
Cropsa Region Västra Götaland Brandenburg
Soil type Clay soil Type 1 Type 2 Type 3 Type 4 Type 5
% clay 33 25 25 20 10 8
%  sand 17 40 50 70 80 82
share of soil type (%) 75 8 22 37 27 6
Arable non-legume crops
Spring barley 14 9 8
Spring  oat 17 1 1
Spring  wheat 3
Oilseed rape 2 18 14 14
Winter  rye 1 12 3 23 28 35
Winter triticale 1 4 1
Winter wheat 12 23 39 11
Winter  barley 9 9
Forage non-legume crops
Silage maize 2 14 14 17 21
Temporary grasslandb 43
Arable legume crops
Faba bean 1 <1 <1
Pea  <1 1 1 1
Lupin  1 2 3
Forage legume crops
Temp. grass–clover (30% clover) P 1 1
Alfalfa 2 1 2
Pea–oat  mixture (50% pea) P
Rye-vetch mixture (50% vetch) P
Serradella P
a Crops selected for the testing of the framework. Percentages indicate the crop production as proportion of the total arable land per soil type (in Sweden for an average
of  2011–2013 (SCB, 2013) and in Brandenburg for 2011 using IACS data). P: crops not grown or not covered by statistics but with a potential in future.
b For the assessment, we assumed no clover in the temporary grassland although low percentages of clover (<20%) are found in current practice.
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.1. Description of the case studies
Arable farms in Västra Götaland (Sweden) mainly cultivate cere-
ls, and mixed farms in the same region focus on temporary grass
ith relatively little clover (about 20%) and cereals in their rota-
ions. For this assessment, we assumed no clover in the grassland
f cropping systems without legumes and 30% of clover in the
rassland of systems with legumes. Broad-leaved crops other than
egumes are grown on 6% and legumes on <2% of the arable land
SCB, 2013), so arable farms are dominated by continuous cereal
ropping with few break crops. Clay soils are widespread and used
y both arable and mixed farms and were therefore selected for this
nalysis. The wide diversity of cereals and potential novel crops
llowed for the generation and evaluation of diversiﬁed systems
Table 4). According to local agronomists, the potential legume
rops for arable-oriented systems were pea (Pisum sativum L.),ra Götaland. Cropping systems are assessed with and without rotational effects for
pea–oat (Avena sativa L.) mixture and faba bean (Vicia faba L.),
and for forage oriented systems grass–clover with higher shares
of clover (>30%) than common practice.
In Brandenburg (Germany), ﬁve soil types from loam to loamy
sand were distinguished, each with a different cropping pattern
(Table 4). Soil types 2–4 account for 86% of the area. Arable farms
are dominant on soil types 1–3, and crops are grown in short rota-
tions. On soil types 4 and 5, the range of crops is reduced because of
the low soil fertility and water availability. Potential legume crops
for arable-oriented systems were faba bean, pea and narrow-leafed
lupin (Lupinus angustifolius L.), and for mixed farms alfalfa (Med-
icago sativa L.), grass–clover, rye-vetch (Secale cereal L., and Vicia L.)
and serradella (Ornithopus sativus Brot.).
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.1.1. Data input on rotations and crop production activities
In both regions, a structured expert survey in 2012 provided
he data on CPA and captured all restriction values required for the
rop rotation generator, and identiﬁed the set of legume and non-
egume crops for the rotations (Table 4). These included crops that
re currently grown and crops whose potential was to be assessed,
s they ﬁt into the cropping systems from an agronomic perspective
espite current market conditions.
The number of selected crops, the rotational restrictions and
he orientation of the systems inﬂuenced the number of generated
rop rotations, ranging from none up to several thousand (Table 5).
ncluding legumes increased the number of crops and hence the
umber of generated rotations. On soil types 4 and 5 in Branden-
urg, no rotations without legumes could be generated because
nly winter rye and silage maize where assumed to be grown on
hese marginal soils. Typical existing rotations were added man-
ally for soil types 4 and 5 because they were not part of the
enerated set but used for subsequent comparisons. Often more
han one CPA was available per crop, resulting in more cropping
ystems than generated rotations.
For the comparison between cropping systems with and without
egumes, we made the following selection: (i) in Västra Götaland,
ll arable rotations started with oilseed rape, winter wheat or grain
egumes and had winter wheat in the second year, and (ii) in Bran-
enburg, all arable rotations started with winter oilseed rape except
n soil types 4 and 5. Furthermore, forage systems were ﬁltered to
llow the comparison of grass–clover with (iii) temporary grassland
n Västra Götaland and (iv) silage maize in Brandenburg (except on
oil type 5).
To design CPA, agronomists used data from regional statistics,
JV (2011) in Västra Götaland and LELF (2010) in Brandenburg and
eﬁned pre-crop speciﬁc fertilizer application and yields using a
arget-oriented approach (van Ittersum and Rabbinge, 1997). In
otal, 77 and 138 CPA were designed for Västra Götaland and Bran-
enburg, respectively.
.1.2. Indicators for disease and weed assessment
The assessment considers the infestation risk with a selected
roblematic disease, take-all (Gaeumannomyces graminis var. tritici)
hat affects all cultivars of wheat and barley and is especially impor-
ant on winter wheat, and a problematic perennial weed, couch
rass (Elymus repens L.) that is widespread throughout Europe,
ncluding the study regions. Both are sensitive to crop choice and
re inﬂuenced by the crop rotation.
.2. Sensitivity for rotational effects
The sensitivity analysis was performed on a selected sub-set of
00 economically best performing systems from Västra Götaland.
t shows the impact of including and excluding rotational effects
n the cropping system assessment on gross margins and nitrous
xide emissions (Fig. 2). From the selected data set, gross mar-
ins increased on average by 58 D ha−1 in cropping systems with
egumes when rotational effects were included compared to an
ssessment without rotational effects. In cropping systems without
egumes, gross margins increased by only 37 D ha−1. Nitrous oxide
missions remained comparable. Therefore, rotational effects have
 large impact on the assessment results. The impact is larger in
ropping systems with than without legumes.
.3. Cropping system assessments.3.1. Environmental vs. economic impacts
In Västra Götaland, legume-supported systems offered options
ith economic and environmental beneﬁts for arable and forage
ystems compared to the current practice (star in Fig. 3). Arablenomy 76 (2016) 186–197
and forage cropping systems with the highest gross margin (eco-
nomic best) included oilseed rape, both with and without legumes.
The environmentally best systems in terms of lowest estimated
nitrous-oxide emissions with the IPCC methodology (Fig. 3C and
D), were dominated by cereals. In legume-supported forages, sys-
tems with the lowest estimated nitrous-oxide emissions included
grass–clover, cereals and pea–oat mixtures.
Compared to cropping systems without legumes, legume-
supported arable systems had slightly lower gross margins, lower
nitrate-N leaching risks and lower nitrous oxide emissions (Fig. 3A
and C). When the best economic legume-supported systems were
compared to best economic cropping systems without legumes
and current practice, gross margins were 6% lower and 29% higher,
respectively. Nitrous oxide emissions were 16% lower than in crop-
ping systems without legumes and comparable to current practice.
Nitrate-N leaching values were 7% and 11% lower, respectively. The
environmentally best legume-supported system in terms of low-
est nitrous-oxide emissions had 8% and 15% lower gross margins
than the environmental best cropping systems without legumes
and current practice. Nitrous oxide emissions were 23% and 34%
lower and nitrate-N leaching 3% and 5% lower, respectively.
In forage systems, the gaps between the impact of cropping
systems with and without legumes were greater for nitrous oxide
emissions and lower for gross margins and nitrate-N leaching risks
(Fig. 3B and D). The best economic grass–clover based systems
had 4% and 15% higher gross margins than the economic best
pure grass based systems and current practice. Nitrous oxide emis-
sions were 20% and 19% lower and nitrate-N leaching 5% and 26%
higher, respectively. The environmentally best legume-supported
system had 28% and 41% lower gross margins than the environmen-
tally best cropping systems without legumes and current practice.
Nitrous oxide emissions were 27% and 38% lower and nitrate-N
leaching 3% lower and 24% higher, respectively.
In Brandenburg, the assessment differentiated the impact of
cropping systems with and without legumes for 5 soil types (Fig. 4).
The current practice was economically better on all soil types than
modeled alternatives, and the difference in gross margin between
legume-supported systems and current practices reduced from
soil types 1–5. On soil types 1 and 2, with relatively high yield
potentials, legume-supported systems had the highest economic
drawbacks but also the highest environmental beneﬁts compared
to cropping systems without legumes. On soil type 1, the economi-
cally best legume-supported system had 32% lower gross margins,
14% lower nitrous-oxide emissions and comparable nitrate-N
leaching (not shown) than the economically best cropping system
without legumes and current practice. On soil types 2–5, gross
margins and nitrous-oxide emissions were on average 15% and
18% lower between the economically best legume-supported and
the economically best cropping system without legumes. Nitrate-N
leaching was comparable between both systems (not shown). Gross
margins were negative partly because subsidies were not taken into
account. Systems with forage legumes had higher gross margins,
lower nitrous-oxide emissions and lower nitrate-N leaching risks
compared to silage maize systems (not shown).
3.3.2. Fertilizer efﬁciency
In legume-supported systems, N fertilizer efﬁciency was higher
due to the positive rotational effects of a yield increase in the subse-
quent crop, and because of additional input of N from BNF reducing
the N fertilizer demand (Fig. 5). In arable systems in Brandenburg,
the ratio of N output to N input was close to or above 1 in legume-
supported and <1 in cropping systems without legumes. Systems
with forage legumes had the highest N fertilizer efﬁciency. Grass-
clover rotations had a ratio of up to 3 (excluding systems on soil
type 5) and rotations without legumes around 0.6.
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Fig. 3. Nitrate-N (NO3-N) leaching and nitrous oxide (N2O) emissions plotted against gross margins for cropping systems in Västra Götaland (A and C for arable and B and D
for  forage systems). Arrows point at the economic/environmental best performing cropping systems.
Fig. 4. Nitrous oxide (N2O) emissions plotted against gross margins for assessed cropping systems on 5 soil types in Brandenburg.
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Table 5
No. of generated rotations per site, soil type and production orientation using the rotation generator.
Crop rotation characteristics Västra Gotaland Brandenburg
Clay soil Type 1 Type 2 Type 3 Type 4 Type 5
With legumes Arable 5947 13 249 84 6 2
Forage 100 97 695 310 24 9
Without legumes Arable 1142 7 68 40 – –
Forage 68 27 347 88 – –
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.3.3. Weed and disease infestation risk
The expert-derived assessment of selected diseases and weeds
howed that the presence of legumes in arable cropping systems
id not systematically change the infestation risk at the cropping
ystem scale (not shown). In forage systems in Brandenburg, a set
f data was selected to systematically compare grass–clover and
lfalfa with silage maize systems on soil type 3 (Fig. 6, A). Systems
ith grass–clover had no infestation risk for couch grass (score of
/− 0.4) and take-all (score of 0.3 to −0.6). Systems with silage
aize had an infestation risk for couch grass (score of 0.2–1.5) but
ot for take-all (score of 0.4 to −0.8). In Västra Götaland (Fig. 6B),
rass–clover based systems had a lower infestation risk for take-
ll (score of −0.1 to −1) than temporary grassland (score of -0.1 to
.6). The couch-grass infestation risks were similar in both systems
score of 0.2–1).
. Discussion
The assessment framework successfully quantiﬁed effects of
egumes at the cropping system scale that are difﬁcult to mea-
ure, and allowed us to explore options outside the existing system
onﬁgurations and boundaries. Interactions between crops were
aken into account as conﬁrmed by a sensitivity analysis (Fig. 2).
urthermore, the framework allowed a systematic comparison of
ropping systems with and without legumes (Figs. 3–6). The static
nd rule-based approach proved to be useful. Although it might
e less detailed in describing processes, it is more appropriate to
he present research objective than data-driven deterministic mod-
ls due to the insufﬁcient availability of data on rotational effects
o include in the models (Adams et al., 2000). The framework is
specially useful in the interaction with agronomists and advisors,
ecause it is transparent, diverse criteria are assessed (with the
ption to add more), and ﬁlters can help to select promising crop-
ing systems. Selected cropping systems enable stakeholders with
onﬂicting objectives (e.g., farmers, retailers and policy makers) toineral fertiliser, manure and seed, excluding BNF) for assessed cropping systems in
engage in a deeper discussion on trade-offs between economic and
environmental impacts.
4.1. General approach of the framework
In the ﬁrst step of this framework, the generation of rotations, the
concern was  to follow the logic of ‘agronomist’s thinking’ by mak-
ing their knowledge on crop rotation design explicit. This could
be utilized through formalizing crop rotation rules as a basis for
the generation of ‘agronomic sound’ rotations. The identiﬁcation
of restriction values revealed that agronomists tended to deﬁne
very strict crop sequence and frequency restrictions, e.g., allow-
ing only a small share of cereals that often did not allow the
generation of currently widespread rotations. Hence, several itera-
tions were needed with agronomists. The integration of additional
legume crops increased the number of possible rotations consider-
ably (Table 5). In this framework, rotations were generated on the
crop scale, based on the rotational restrictions, and the evaluation of
CPA was  performed in a separate step. This allowed the generation
of novel cropping systems in contrast to existing approaches such
as ROTOR (Bachinger and Zander, 2007) that produces rotations
based on a ﬁxed set of CPA.
In the second step, evaluating CPA, agronomists used informa-
tion from regional statistics and estimated pre-crop effects to deﬁne
CPA. The strength of using expert estimations was  that the pre-
crop effects on yields consider factors such as root health, pests,
weeds and disease that are often not considered in simulation mod-
els (Bergez et al., 2010). However, the framework is very sensitive
to the estimation of pre-crop effects (Fig. 2). Soil–crop processes are
considered only on an annual basis that does not allow identifying
constraints during speciﬁc growth stages, such as growth limita-
tions due to water deﬁcit. To do so, dynamic models could provide
the necessary details, but these can only model a limited num-
ber of rotations and are currently not able to simulate all relevant
rotational effects (Kollas et al., 2015).
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Crop rotation design is one of the major instruments applied
o control weeds (Melander et al., 2005) and soil-borne pests and
iseases (Vereijken, 1997). In this framework, a focus was  on the
ost problematic species (Fig. 6), so it gives only a general indi-
ation of how the cropping system affects infestations. Results will
iffer depending on the species selected, so future applications will
equire the selection and testing of more species of pests, diseases
nd weeds.
The presented assessment could also be applied for other crop-
ing systems and research objectives, such as testing with different
illage operations or cover crops. The 3-step approach allows the
ser to go through the steps backwards to check results on the
ingle-crop scale. This makes the analysis transparent for users and
llows efﬁcient and early plausibility checking.
This framework requires competent agronomists to compensate
or the lack of data on legume crop management, pre-crop effects
nd rotational restrictions. Several iterations are needed, covering
ata collection, design, testing and interpretation. Iterations with
xperts could be reduced by involving them in the modelling more
ctively in a participatory process or through training experts to
erform some of the modelling steps themselves (e.g., the gen-
ration of rotations). Advisors could be involved more actively to
ncrease the relevance of the assessed cropping systems.
Once the framework is designed, changes to the crop man-
gement or additional impact indicators can be added relatively
asily. For example to explore impacts of soil-improving crop-
ing systems, detailed information on soil tillage, cover crops
nd crop residue management would be require from experts
ith knowledge of agriculture in the pedo-climatic regions being
tudied.
.2. Evaluation and sensitivity of outputs
The framework was evaluated using (i) design validation, (ii)
lausibility checking of outputs and (iii) end-user validation as pro-
osed by Bockstaller and Girardin (2003) and described in detail in
ection 2.6. The plausibility checking, especially through experts,
rovided sufﬁcient information to adapt the model for the speciﬁc
pplications. However, the quality of the model outputs depends to
 large extent on the quality of the expert knowledge as is the case
or other rule-based models (Naudin et al., 2015). Complementary
o the evaluation by experts, the outputs of this static approach
ould be compared with measured data for speciﬁc impacts, such
s N leaching, and against the outputs of dynamic models.r selected forage cropping systems with a ranking from −2 to 2, where negative
ation risk. A: Brandenburg (soil type 3 comparing forage legumes with silage maize
The major sensitivity of the application was the quantiﬁcation
of pre-crop effects that were estimated by experts (Fig. 2). This esti-
mation could be improved with more robust parameters, but ﬁeld
experiments and dynamic models do not sufﬁciently provide the
required data. Field experiments show that pre-crop effects vary
between years and are caused by various and often cumulative fac-
tors, and dynamic models have difﬁculties in handling pre-crop
effects (Kollas et al., 2015; Lorenz et al., 2013).
It is also important to recognize that the static calculation of
nitrate leaching and nitrous-oxide emissions provides estimates
that do not take into account the variability of weather, yields and
environmental impacts, so are used here to make only relative com-
parisons. Information on the model uncertainty could improve the
assessment in future.
4.3. First testing of the framework
The framework was speciﬁcally useful to assess legumes in crop-
ping systems and to compare cropping systems with and without
legumes.
The approach was  able to capture positive services of legumes
at the cropping system scale, namely reduced nitrous-oxide emis-
sions, comparable nitrate-N leaching and a higher efﬁciency to
use external nitrogen inputs due to BNF. These services have been
reported for single legume crops (Jensen et al., 2011, 2010; Köpke
and Nemecek, 2010; Peoples et al., 2009). In Västra Götaland
and Brandenburg, nitrous-oxide emissions were lower in legume-
supported systems, both arable and forage (Figs. 3 and 4). Nitrate-N
leaching was comparable (Fig. 3) and a higher efﬁciency of N fertil-
izer could be achieved, especially in forage systems (Fig. 5).
At the cropping system scale, rotations with legumes were found
not to increase weed or disease pressure of the selected problematic
species (Fig. 6). The expert assessments showed that grass–clover
reduced the infestation risk of take-all in Västra Götaland (Fig. 6B).
In Brandenburg where grass–clover was compared with silage
maize systems, the couch grass infestation risk could be reduced
(Fig. 6A). However, some summer annual weeds might be increased
by spring sown grain legumes, such as fat-hen (Chenopodium album
L.), and legume-speciﬁc diseases, such as Aphanomyces root rot in
pea.The approach conﬁrmed that the performance of legumes
should be analyzed at the cropping system scale in order to capture
all the beneﬁts they provide. Arable cropping systems with grain
legumes had only slightly lower gross margins than those with-
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ut legumes (Figs. 3 and 4). The difference in gross margins was  6%
ower in Västra Götaland and 15% lower in Brandenburg for soil type
–5 when economic best systems were compared. Low gross mar-
ins found in usual single-crop comparisons (Preissel et al., 2015)
ere partly compensated by the positive pre-crop effects. In stan-
ard gross margin comparisons, rotational effects are generally not
aken into account (Preissel et al., 2015). Low gross margins are a
ommon reason for farmers not to grow legumes (Von Richthofen
t al., 2006). The economic assessment at the cropping system scale
s important because it substantially affects the evaluation of the
conomic performance of legumes. This could also inﬂuence farm-
rs’ decisions to grow legume crops.
The cropping system perspective showed that the perfor-
ance of forage legumes was better than expected. Rotations with
rass–clover (both sites) and alfalfa (at the more fertile soil types in
randenburg) achieved comparable or higher gross margins than
hose without legumes. Reasons for the high performance of forage
egumes were the high productivity, high pre-crop effects on sub-
equent crops and a high nutritional value of the forages. However,
nly reference prices could be used for calculations, because forage
rops are rarely traded (except for the biofuel market), being fed to
ivestock on-farm. The results show that cropping systems with
orage legumes could be an economically feasible alternative to
urrent farming practices without legumes and effectively reduce
nvironmental impacts in both regions. The evaluation of forage
rops requires whole farm models such as MODAM (Zander and
ächele, 1999) for a correct assessment of their competitiveness.
An increase in legume cultivation in both regions might, how-
ver, still be constrained by agronomic challenges, in particular low
ield stability (Cernay et al., 2015; Reckling et al., 2015b), legume-
peciﬁc diseases, and barriers in the supply chain (Meynard et al.,
013). To overcome these challenges and increase the cultivation
f legumes in Europe, the presented framework can inform on their
ong-term impacts in cropping systems and help to identify alter-
ative systems to current farming practices. A particular strength
f this assessment framework is that it involves stakeholders from
esearch and practical farming in the process of redesigning and
ssessing cropping systems that fulﬁll both economic and environ-
ental aims and that this can be done without having to test a wide
ange of systems on farms.
Nevertheless, changes in current farming practice require
hanges in socioeconomic conditions, particularly markets, con-
umer behavior and policy. Therefor an overall strategy is required
hat considers breeding, production, trading, processing and mar-
eting to bring legumes back into European agriculture.
. Conclusion
This paper introduced a novel framework in which it is possible
o assess and systematically compare cropping systems. Its appli-
ation was demonstrated for the (re) introduction of legumes in
rop rotations in Västra Götaland in Sweden and Brandenburg in
ermany. In the case studies, environmental impacts were lower
or cropping systems with than without legumes and the economic
valuation at the cropping system scale showed beneﬁts of systems
ith legumes. We  demonstrated the importance of evaluating the
ffects of legumes in a cropping system perspective considering
otational effects.
The framework supports the design of cropping systems and
ssessing their impacts in a participatory approach with experts. It
lso supports policy makers to value the services of legumes and
o bring these in relation to farm economics. The results of both
ase studies indicate that legumes could be exploited in cropping
ystems more effectively. A framework such as this can help tonomy 76 (2016) 186–197
demonstrate how legumes could contribute to greater sustainabil-
ity of agricultural systems in different regions of Europe.
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